Arginine vasopressin (AVP) from the paraventricular nucleus (PVN) of hypothalamus has important roles in regulation of the hypothalamic-pituitary-adrenal (HPA) axis and stress-related behaviors during chronic stress. It is unknown, however, whether AVP in the PVN is involved in the modulation of HPA activity after chronic cocaine exposure. Here, we examined the gene expression alterations of AVP in the hypothalamus, and V1b receptor and pro-opiomelanocortin (POMC) in the anterior pituitary, as well as HPA hormonal changes, in Fischer rats after chronic cocaine and withdrawal, using two different chronic (14-day) 'binge' pattern administration regimens: steady-dose cocaine (SDC, 45 mg/kg/day) and escalating-dose cocaine (EDC, 45 up to 90 mg/kg/day). There was a significant (7-fold) plasma adrenocorticotropic hormone (ACTH) elevation after chronic EDC (but not SDC), coupled with increased V1b and POMC mRNA levels in the anterior pituitary. From acute (1-day) to protracted (14-day) withdrawal from chronic EDC (but not from SDC), we found persistent elevations of both plasma ACTH and corticosterone levels and AVP mRNA levels in the PVN. Selective V1b antagonist SSR149415 (5 mg/kg) attenuated acute withdrawal-induced HPA activation after EDC. To study potential roles of endogenous opioids in modulating the AVP gene, we administered naloxone (1 mg/kg); we found that opioid receptor antagonism increased AVP mRNA levels in cocaine-naive rats, but not in cocaine-withdrawn rats, suggesting less tonic opioid inhibition of PVN AVP neurons after chronic EDC. To assess the effects of cocaine withdrawal on sub-populations of PVN AVP neurons, we utilized AVP-enhanced green fluorescent protein (EGFP) promoter transgenic mice and found that acute withdrawal following chronic EDC increased the number of AVP-EGFP neurons in the parvocellular PVN (pPVN). These results suggest that during protracted withdrawal, enhanced pPVN AVP gene expression is associated with persistent elevations of basal HPA activity; a hyposensitivity of PVN AVP gene expression to naloxone is indicative of reduced opioidergic tone. Our studies indicate that the AVP and its V1b receptor system may be a potential therapeutic target for treating anxiety and depressive symptoms associated with cocaine addiction.
INTRODUCTION
There is evidence that cocaine abuse disrupts hypothalamicpituitary-adrenal (HPA) axis function in humans. Cocaine abuse increases plasma adrenocorticotropic hormone (ACTH), b-endorphin, and cortisol levels (Mendelson et al, 1998) . The effects of a single dose of cocaine or of stress on ACTH secretion, however, are significantly lower in cocaine-dependent men than in occasional cocaine users or normal subjects (Mendelson et al, 1998; Brady et al, 2009; Back et al, 2010) , showing tolerance as found in the animal model after chronic cocaine administration (Zhou et al, 1996) . Higher basal plasma ACTH and cortisol levels have been reported in cocaine addicts 1 day after the cessation of cocaine self-administration (Vescovi et al, 1992) . In cocaine addicts with depressive symptoms, basal plasma cortisol levels are increased during early cocaine abstinence (Elman et al, 1999; Buydens-Branchey et al, 2002) , an effect that may persist weeks and even months during abstinence (Contoreggi et al, 2003; Wilkins et al, 2005) . However, other clinical studies have reported that after a brief period of abstinence, basal and corticotropin-releasing factor (CRF)-stimulated ACTH and cortisol levels in cocaine-dependent patients do not differ from those of healthy subjects (Mendelson et al, 1998; Jacobsen et al, 2001; Aouizerate et al, 2006) . Psychological stressors or CRF elevate cocaine craving and HPA activity, and stress-induced ACTH and cortisol responses predict subsequent cocaine relapse (Sinha et al, 2006; Brady et al, 2009) .
In rodents, stress can increase the secretion of CRF and arginine vasopressin (AVP) into the pituitary portal circulation from terminals of the parvocellular division of the paraventricular nucleus (pPVN) of the hypothalamus, and AVP potentiates CRF-induced ACTH secretion from the anterior pituitary into circulation (Gillies et al, 1982; Rivier and Vale, 1983; Knepel et al, 1985; Antoni, 1993; Herman, 1995; McEwen, 2007) . Acute cocaine stimulates the HPA axis in animal models of drug abuse (Moldow and Fischman, 1987; Borowsky and Kuhn, 1991) . Although chronic 'binge' cocaine administration in a steady-dose regimen significantly elevates plasma corticosterone (CORT) levels, this effect was significantly blunted in comparison with the effects of acute cocaine on the HPA axis, indicating a tolerance to the same dose of cocaine (Zhou et al, 1996) . The development of tolerance to the stimulatory effect on the HPA axis by cocaine is associated with a significant reduction in CRF mRNA levels in the hypothalamus, and this relative CRF deficiency probably results from a dopamine D 1 -like (but not D 2 -like) receptormediated mechanism (Zhou et al, 1996; Kreek et al, 2009) .
Although an earlier study has shown that only CRF, but not AVP, contributes to the acute stimulatory effects of cocaine on HPA activity (Rivier and Lee, 1994) , we predicted an effect of chronic, but not acute, cocaine on the AVP stress responsive system, based on evidence showing a preferential activation of AVP gene expression in the pPVN after chronic stress (Aguilera, 1994; Kovacs and Sawchenko, 1996) . However, it is unknown whether AVP synthesized in the pPVN or its target V1b receptor in the anterior pituitary is involved in the modulation of HPA activity after chronic cocaine or its withdrawal.
The present studies were conducted in Fischer rats to determine the effect of chronic 'binge' cocaine and withdrawal on alterations: (1) AVP gene expression in the PVN, (2) V1b receptor and pro-opiomelanocortin (POMC) gene expression in the anterior pituitary, and (3) plasma ACTH and CORT levels. Both chronic 14-day steady-dose cocaine (SDC, 45 mg/kg/day) regimen (partial HPA axis tolerance developed) and escalating-dose cocaine (EDC) regimen (the initial cocaine dose (45 mg/kg) doubled over 14-day chronic exposure) were used. In fact, different alterations of orexin and preprodynorphin mRNA levels in the lateral hypothalamus were found following acute cocaine withdrawal from chronic escalating-dose and steady-dose 'binge' pattern regimens (Zhou et al, 2008a) . The effect of a pharmacological blockade of the V1b receptor with the selective antagonist SSR149415 was evaluated by assessing its effects on the HPA axis response to acute cocaine withdrawal. Second, we addressed whether opioid receptors are involved in the modulation of hypothalamic AVP mRNA in cocaine withdrawal. For this purpose, we assessed the effects of the opioid receptor antagonist naloxone on PVN AVP mRNA levels during chronic cocaine withdrawal in rats. To study sub-populations of hypothalamic AVP neurons, including the parvocellular and magnocellular division of the PVN, the supraoptic nucleus (SON), and the medial preoptic area (MPOA), we examined the effects of acute cocaine withdrawal using BAC transgenic mice, in which AVP-expressing neurons were labeled with enhanced green fluorescent protein (EGFP).
MATERIALS AND METHODS
Experiment 1: Withdrawal from Chronic (14-day) Escalating-Dose 'Binge' Pattern Cocaine Administration and Interactions with Naloxone and SSR149415 in Rats Animals. Male Fischer 344 rats (190-220 g; Charles River Labs, Kingston, NY) were housed individually in a stressminimized facility with free access to food and water. In order to minimize stress, noise and animal handling unrelated to the experimental protocol were kept to a bare minimum. Animals were adapted to a standard 12-h light/ dark cycle (lights on from 900 to 2100 h) for 7 days before the beginning of the experiment. The protocol was approved by the Rockefeller University Animal Care and Use Committee.
Fischer rats were selected because this inbred strain with high anxiety phenotype self-administers cocaine at a high level after cocaine self-administration behavior is established (Kosten and Ambrosio, 2002; Picetti et al, 2010) .
Procedure of escalating-dose 'binge' pattern cocaine administration and withdrawal with naloxone or SSR149415 pretreatment. The 'binge' pattern regimen of drug exposure (saline or cocaine) consisted of intraperitoneal (ip) injections in the home cage three times daily with two 1-h intervals, beginning 30 min after the light cycle (9:30, 10:30, and 11:30) (Zhou et al, 1996) . This dosing schedule was chosen to mimic the pattern often observed in human cocaine abusers with respect to repeated administrations over several hours, with relation to the circadian rhythm of rest and activity. For animals treated with cocaine, the doses were increased after every 3 days. Therefore, the cocaine-treated rats received initial dosing at 45 (3 Â 15) mg/kg/day on days 1-3, 60 (3 Â 20) mg/kg/ day on days 4-6, 75 (3 Â 25) mg/kg/day on days 7-9, and then 90 (3 Â 30) mg/kg/day on days 10-14. As previously reported, this dosing schedule models the dose range selfadministered by rats given long access (6-10 h) to cocaine (Koob and Kreek, 2007) .
The experiment paradigm consisted of three phases: chronic 14-day escalating-dose 'binge' pattern cocaine administration, acute 1-day withdrawal, and chronic 14-day withdrawal (Figure 1a) .
In Experiment 1.1, chronic (14-day) escalating-dose 'binge' cocaine, rats received escalating-dose 'binge' cocaine (from 45 up to 90 mg/kg/day) (n ¼ 8) or saline (n ¼ 8) injections for 14 days and were then killed at 1200 h on day 14, 30 min after the last 'binge' cocaine or saline injection. During exposure to 90 mg/kg/day dose of cocaine, two rats died with seizures, resulting in an n ¼ 6 for the cocainetreated group.
In Experiment 1.2, acute (1-day) cocaine withdrawal with naloxone, rats received 'binge' cocaine (from 45 up to 90 mg/kg/day) or saline injections for 14 days and were then killed at 1200 h on day 15, 1 day after the last 'binge' cocaine or saline injection. On day 14 (1 day before kill for sampling), an ip injection of naloxone (1 mg/kg) or saline was administered 30 min after the last 'binge' cocaine or saline injection. In this experiment, rats were assigned to one of four treatment groups: (1) Acute cocaine withdrawal: cocaine injections for 14 days with one saline injection 30 min after the last 'binge' cocaine, followed by 1-day withdrawal, n ¼ 7 (during exposure to 90 mg/kg/day dose of cocaine, one died with seizures resulting in an n ¼ 6); (2) Saline control: saline injections for 14 days with one saline injection 30 min after the last 'binge' saline, followed by 1-day withdrawal, n ¼ 6; (3) Naloxone + Acute cocaine withdrawal: cocaine injections for 14 days with one naloxone injection (1 mg/kg) 30 min after the last 'binge' cocaine, followed by 1-day withdrawal, n ¼ 7; and (4) Naloxone: saline injections for 14 days with one naloxone injection (1 mg/kg) 30 min after the last 'binge' saline, followed by 1-day withdrawal, n ¼ 6. The naloxone dose chosen was based on our previous study, in which a single 1 mg/kg dose was observed to moderately increase ACTH levels in cocaine-naive rats after 3 h of injection (Zhou et al, 2005) .
In Experiment 1.3, chronic (14-day) cocaine withdrawal with naloxone, rats received 'binge' cocaine (from 45 up to 90 mg/kg/day) or saline injections for 14 days and were then killed at 1200 h on day 28, 14 days after the last 'binge' cocaine or saline injection. On day 26 (2 days before kill for sampling), an ip injection of naloxone (1 mg/kg) or saline was administered. In this experiment, rats were assigned to one of four treatment groups: (1) Chronic cocaine withdrawal: cocaine injections for 14 days followed by 14-day withdrawal, with one saline injection on day 26, n ¼ 7 (during exposure to 90 mg/kg/day dose of cocaine, one rat died with seizures, resulting in an n ¼ 6); (2) Saline control: saline injections for 14 days followed by 14-day withdrawal, with one saline injection on day 26, n ¼ 6; (3) Naloxone + Chronic cocaine withdrawal: cocaine injections for 14 days followed by 14-day withdrawal, with one naloxone injection (1 mg/kg) on day 26, n ¼ 8; and (4) Naloxone: saline injections for 14 days followed by 14-day withdrawal, with one naloxone injection (1 mg/kg) on day 26, n ¼ 6.
In Experiment 1.4, acute (1-day) cocaine withdrawal with SSR149415, the pattern and dose of drug injections (saline or cocaine), treatment groups, and kill time point were identical to those in Experiment 1.2. SSR149415 (a gift from Dr G Griebel, Sanofi Aventis, Montpellier, France) was suspended in 5% DMSO and 5% Cremophor in saline. On day 14 (1 day before kill for sampling), an ip injection of SSR149415 (5 mg/kg) or vehicle was administered 30 min after the last 'binge' cocaine or saline injection. On day 15 (30 min before kill for sampling), the second ip injection of SSR149415 (5 mg/kg/injection) or vehicle was administered. In this experiment, rats were assigned to one of four treatment groups: (1) Acute cocaine withdrawal: n ¼ 8; (2) Saline control: n ¼ 6; (3) SSR149415 + Acute cocaine withdrawal: n ¼ 6; and (4) SSR149415: n ¼ 6. The SSR149415 dose chosen was based on previous studies, in which 1-30 mg/kg doses were observed to efficiently block HPA activation induced by a variety of stressors (Serradeil-Le Gal et al, 2002; Zhou et al, 2008b; Roper et al, 2011) .
All rats were rapidly decapitated after brief exposure to CO 2 (within 15 s), and the PVN (PVN rich dissection without SON), anterior pituitary, neuro-intermediate lobe/ posterior lobe (NIL/PL), and plasma were collected for subsequent mRNA and hormonal analyses. The PVN in the hypothalamus was selected because recent studies have demonstrated that activation of the AVP/V1b receptor system in the hypothalamus is involved in 'anxiety'-related and 'depression'-like behaviors in rodents (Wigger et al, 2004) .
Preparation of RNA extracts. In each experiment, rats were killed by decapitation after a brief exposure to CO 2 . Each animal brain was removed from the skull and placed in a chilled rat brain matrix (ASI Instruments, Houston, TX). A coronal slice containing the hypothalamus was removed from the matrix and placed on a chilled petri dish. Dissection was carried out using razor blades and forceps under a dissecting microscope. The PVN brain section was identified at the levels of Bregma À1.80 to À2.56 mm according to The Rat Brain in Stereotaxic Coordinates (Paxinos and Watson, Academic Press, New York, 1986) . The PVN was dissected as a reversed isosceles triangle, 1.0 mm bilateral to the third ventricle and between the fornix structures, was under a microscope using the fornix and third ventricle as landmarks. The anterior pituitary and NIL/PL were also dissected, and all three regions were homogenized in guanidinium thiocyanate buffer and extracted with acidic phenol and chloroform. After the final ethanol precipitation step, each extract was resuspended in DEPC-treated H 2 O and stored at À80 1C.
AVP, V1b receptor, and POMC mRNA measurements using solution hybridization ribonuclease protectiontrichloroacetic acid precipitation assay. The solution Chronic (14-day) escalating-dose (45 up to 90 mg/kg/day) "binge" cocaine, acute (1-day) withdrawal (WD) and chronic (14-day) WD with opioid receptor antagonist naloxone or V1b receptor antagonist SSR149415 Figure 1 Timelines for cocaine administration regimens with antagonist applications.
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Y Zhou et al hybridization ribonuclease (RNase) protection-trichloroacetic acid (TCA) precipitation protocol has been described in detail in earlier reports (Zhou et al, 1996) . A 502-bp fragment from the rat AVP cDNA or a 1201-bp fragment from the rat V1b receptor cDNA was cloned into the polylinker region of pCR II (Invitrogen, Carlsbad, CA). A 538-bp fragment from the rat POMC cDNA was cloned into the polylinker region of either pSP64 or pSP65 plasmids (Promega, Madison, WI) in both the sense and antisense orientations. The plasmid pS/E (a pSP65 derivative) was used to synthesize riboprobe for the 18S rRNA to determine total RNA. 33 P-labeled cRNA antisense probes and unlabeled cRNA sense standards were synthesized using SP6, T3, or T7 transcription system. A denaturing agarose gel (1.0 M formaldehyde) showed that a single full-length transcript had been synthesized from each plasmid.
RNA extracts were dried in 1.5 ml Eppendorf tubes and resuspended in 30 ml of 2 Â TESS (10 mM N-Tris[hydroxymethyl]methyl-2-aminoethane sulfonic acid, pH 7.4; 10 mM EDTA; 0.3 M NaCl; 0.5% sodium dodecyl sulfate [SDS] ) that contained 150-300 K cpm of a probe. Samples were covered with mineral oil and hybridized overnight at 75 1C. For RNase treatment, 250 ml of a buffer containing 0.3 M NaCl, 5 mM EDTA, 10 mM Tris-HCl (pH 7.5), 40 mg/ml RNase A (Worthington Biochemical, Freehold, NJ) and 2 mg/ml RNase T1 (Calbiochem, San Diego, CA) were added and each sample was incubated at 30 1C for 1 h. TCA precipitation was effected by the addition of 1 ml of a solution that contained 5% TCA and 0.75% sodium pyrophosphate. Precipitates were collected onto a filter in sets of 24 using a cell harvester (Brandel, Gaithersburg, MD) and were measured in a scintillation counter with liquid scintillant (Beckman, Palo Alto, CA).
The procedure to measure mRNA levels involved a comparison of values obtained from experimental samples (brain extracts) to those obtained for a set of calibration standards. The calibration standards had known amounts of an in vitro sense transcript whose concentration was determined by optical absorbance at 260 nm. The set of calibration standards included those with no added sense transcript and those that contained between 1.25 and 80 pg of the sense transcript. A new standard curve was generated each time experimental samples were analyzed and all extracts of a particular tissue were assayed for each mRNA levels as a group in a single assay. Total cellular RNA concentrations were measured by hybridization of diluted extracts to a 33 P-labeled probe complementary to 18S rRNA at 75 1C. The calibration standards for this curve contained 10 mg of E. coli tRNA plus either 0.0, or from 2.5 to 40 ng of total RNA from rat brain whose concentration was determined by optical absorbance at 260 nm.
CRF mRNA measurement using real-time RT-PCR. The protocol is described in detail below in the single-cell realtime reverse-transcribed (RT)-PCR section. Briefly, mRNA from the PVN was reverse-transcribed (RT reaction) into cDNA using 5 ml of RNase/DNase-free water containing the mRNA. RT was followed by real-time PCR, and mRNA samples were tested for CRF mRNA and 18S rRNA. Primer pairs were designed for CRF (Assay ID Rn01462137m1) (Primer Express, Applied Biosystems, Carlsbad, CA). Conditions for the cycles and controls were identical to the AVP assay.
Radioimmunoassays. At the time of decapitation, blood from each animal was collected in tubes, placed on ice, and spun in a refrigerated centrifuge. Plasma was separated and stored at À40 1C for hormonal measurements by radioimmunoassay. Plasma ACTH immunoreactivity levels were assayed from unextracted plasma by using a kit from Nichols Institute (San Juan Capistrano, CA). Plasma CORT levels were assayed using a rat/mouse CORT 125 I kit from MP Biomedicals (Costa Mesa, CA). All values were determined in duplicate in a single assay. Procedure for steady-dose 'binge' pattern cocaine administration and withdrawal. The 'binge' pattern of drug exposure (saline or cocaine), injection route, and time points were identical to those in Experiment 1. For animals treated with cocaine, the dose was 3 Â 15 mg/kg every day, and there was no animal loss using this dose. The experiment paradigm is shown in Figure 1b .
In separate experiments, animals were subjected to acute (1-day) or chronic (14-day) steady-dose 'binge' cocaine (3 Â 15 mg/kg, n ¼ 6), while control animals received equivalent treatment with saline (n ¼ 6). Animals were killed at 1200 h either 30 min (Experiment 2.1 after acute cocaine and Experiment 2.2 after chronic cocaine), 1 day (Experiment 2.3 after chronic cocaine) or 10 days (Experiment 2.4 after chronic cocaine) following their last cocaine injection.
The PVN, anterior pituitary, NIL/PL, and plasma were collected for subsequent mRNA and hormonal analyses, as described in the above Experiment 1 section.
Experiment 3: Withdrawal from Chronic (14-day) Escalating-Dose 'Binge' Pattern Cocaine Administration in AVP-EGFP Promoter Transgenic Mice Animals. AVP-EGFP mice (a gift from Dr N Heintz at The Rockefeller University in New York) were made by homologous recombination of an AVP gene-containing BAC comprising an EGFP insert, in which the AVP promoter drives EGFP expression (Gong et al, 2003) , and maintained on a Swiss-Webster background. Littermate male mice (AVP-EGFP positive ( + ) heterozygous and negative (À)) weighing 29-39 g (4-6 months of age) used in the present study were housed individually in a stressminimized facility as described above for rats, and screened by PCR analysis of genomic DNA extracted from mouse tail biopsies.
Procedure of escalating-dose 'binge' pattern cocaine administration and withdrawal. The 'binge' pattern of drug exposure (saline or cocaine), injection route, and time points were identical to those of escalating-dose 'binge' cocaine administration in Experiment 1.
In Experiment 3, acute (1 day) cocaine withdrawal, both AVP-EGFP( + ) and AVP-EGFP(À) mice received escalating-dose 'binge' cocaine (from 45 up to 90 mg/kg/day) or saline injections for 14 days and were then killed at 1200 h on day 15, 1 day after the last 'binge' cocaine or saline injection. In this experiment, mice were assigned to one of four treatment groups: (1) Acute cocaine withdrawal in AVP-EGFP( + ) mice: cocaine injections for 14 days followed by 1-day withdrawal, n ¼ 8 (during exposure to 90 mg/kg/day dose of cocaine, one mouse died with seizures resulting in an n ¼ 7); (2) Saline control in AVP-EGFP( + ) mice: saline injections for 14 days followed by 1-day withdrawal, n ¼ 7; (3) Acute cocaine withdrawal in AVP-EGFP(À) mice: cocaine injections for 14 days followed by 1-day withdrawal, n ¼ 7 (during exposure to highest dose of cocaine, one animal died with seizures and then n ¼ 6); and (4) Saline control in AVP-EGFP(À) mice: saline injections for 14 days followed by 1-day withdrawal, n ¼ 6.
AVP-EGFP( + ) mice were killed for fluorescent microscopic observation (see below). In the AVP-EGFP(À) mice, the PVN identified according to The Mouse Brain in Stereotaxic Coordinates (Paxinos and Franklin, Academic Press, San Diego, CA, 1997) was collected for AVP mRNA analysis as described in the above Experiment 1 section. Plasma was collected from both AVP-EGFP( + ) and AVP-EGFP(À) mice for CORT analyses, as described in the above Experiment 1 section.
Fluorescent microscopic observation for AVP-EGFPexpressing cells. AVP-EGFP( + ) mice were deeply anesthetized using sodium pentobarbital (75 mg/kg, ip), and then perfused via the left ventricle with 100 mM phosphatebuffered saline (PBS, pH 7.4) containing heparin, followed by 4% paraformaldehyde in PBS. After postfixation, the brains were equilibrated in PBS containing 30% sucrose for 48 h at 4 1C. As previously described (Nomura et al, 2002) , brains were coronally sectioned at 20 mm on a freezing microtome, and stored in cryoprotectant (2.5% glycerol and 25% sucrose in PBS) at À20 1C until they were used.
All sections obtained from cocaine-and saline-treated AVP-EGFP( + ) mice were processed at the same time. Floating sections were washed thoroughly in PBS to remove cryoprotectant, and then mounted onto gelatin-coated glass slides, air-dried, and coverslipped with aqueous mounting media Fluoro-Gel (EMS, Hatfield, PA). For each animal after either saline or cocaine withdrawal treatment, three sections containing the anatomically matched levels of middle part of the PVN (Bregma À0.70 to À0.82 mm), two sections of the SON (Bregma À0.58 to À0.70 mm), or MPOA (Bregma 0.02 to À0.1 mm) were defined and selected according to The Mouse Brain in Stereotaxic Coordinates (Paxinos and Franklin, Academic Press, San Diego, CA, 1997). Sections from these brain areas were examined using a fluorescent microscope (Zeiss) with a GFP filter (Nikon), and the images were captured with Zeiss LSM 510 (version 3.2) software to investigate AVP-EGFP expression in the PVN, SON, MPOA, the bed nucleus of the stria terminalis and medial amygdala. AVP-EGFP-expressing cells were counted by a single observer who was unaware of the treatment of the samples. The average numbers of AVP-EGFP cells/ section (combined two sides) in each brain region were calculated for each animal.
Immunohistochemistry (IHC) for AVP. As described recently (Westberg et al, 2009) , floating sections from two male AVP-EGFP( + ) mice were washed several times in PBS and then blocked with PBS containing 3% normal donkey serum and 0.5% Triton X-100. Floating sections were incubated in a rabbit polyclonal anti-AVP primary antibody (1 : 1000, MP Biomedicals, Solon, OH) for 48 h at 4 1C. The sections were further incubated with a 1 : 200 dilution of the cy3-conjugated donkey anti-rabbit secondary antibody (ImmunoResearch Laboratories, West Grove, PA) in PBS containing 0.5% Triton X-100 and 1.5% normal donkey serum for 120 min at room temperature. Sections were then mounted on gelatin-coated slides, air-dried, and coverslipped with Fluoro-Gel. As described above, sections in the PVN and MPOA were examined using a fluorescence microscope (Zeiss) with a GFP filter (Nikon), and the images were captured with Zeiss LSM 510 (version 3.2) software to investigate AVP-like immunoreactivity and AVP-EGFP expression.
Single-cell real-time RT-PCR. AVP-EGFP( + ) mice were anesthetized with urethrane (1-1.5 g/kg; Sigma, Chemicals, Perth, WA) and their brains were rapidly removed and immersed in ice-cold (4 1C) oxygenated sucrose-based solution. The area of the brain containing the PVN was blocked and glued to the stage of a vibrating microtome (Leica VT1000S). Coronal slices including the PVN (B200-250 mm thick) were obtained and transferred to a holding chamber containing oxygenated bath solution. The recording chamber was mounted on a Nikon Eclipse E600FN microscope with both fluorescent and infrared differential interference contrast optics. AVP-EGFP-positive cells were, thus, easily identified under the microscope. Borosilicate glass thin-walled pipettes (Warner Instruments, Hamden, CT) were pulled by using a Narishige micropipette puller (PP-830) and filled with 8 ml of nuclease-free water (Ambion, Austin, TX). A single EGFP( + ) or EGFP(À) cell from PVN was aspirated into a pipette under visual control by applying gentle negative pressure (verified under fluorescence microscopy). The pipette was then broken into a 0.2-ml PCR tube (Molecular BioProducts, San Diego, CA), releasing its content. PCR tubes were immediately frozen at À80 1C.
The collected mRNA was reverse-transcribed (RT reaction) into cDNA (1 h at 37 1C, Programmable Thermal Controller, MJ Research, Cambridge, MA) following the manufacturer's protocol (Applied Biosystems): 11.75 ml of RNase-free water, 2.2 ml of 10 Â TaqMan RT Buffer, 2.0 ml of dNTPs mixture, 0.5 ml of random hexamers, 0.55 ml MultiScribe reverse transcriptase, and 8 ml of RNase/DNase-free water containing the mRNA of the cell. RT was followed by real-time PCR using the TaqMan detection system and the Prism 7700 (both Applied Biosystems). Both EGFP and non-EGFP neurons from the PVN were tested for AVP mRNA and 18S rRNA ('housekeeping' gene). Primer pairs were designed for AVP (Assay ID Mm0043761) and 18S (Assay ID 4352930E) (Primer Express, Applied Biosystems). Conditions for the cycles were as follows: PCR UNG enzyme cleanup step, 2 min at 50 1C; DNA polymerase activation for 10 min at 95 1C; 40 cycles of denaturation 15 s at 95 1C; and annealing + extension for 1 min at 60 1C. Total volume of PCR in each well was 20 ml: 10 ml of TaqMan PCR Master Mix, 1 ml of primer, 4 ml water, and 5 ml of cDNA. Results were analyzed using Prism 7000 sds software (Applied Biosystems).
Control groups included (1) to eliminate the possibility of genomic DNA contamination, EGFP and non-EGFP neurons (two each) were processed without the MultiScribe reverse transcriptase (replaced by 0.55 ml RNase-free water) and (2) to eliminate the possibility of a general contamination of the TaqMan PCR Master Mix, primers or RNase/DNase-free water, samples were tested without neurons altogether (replaced by 8 ml RNase-free water).
Data Analysis
In Experiments 1.2, 1.3, and 1.4, group differences were analyzed using two-way ANOVA for acute or chronic withdrawal (cocaine and saline) and for antagonist (naloxone or SSR149415, saline) followed by NewmanKeuls post hoc tests. In other experiments, differences between two groups were analyzed using a two-tailed Student's t-test for each measure. The accepted level of significance for all tests was po0.05. All statistical analyses were performed using Statistica (version 5.5, StatSoft, Tulsa, OK).
RESULTS
Experiments 1 and 2: Withdrawal from Different 'Binge' Patterns of Cocaine Administration and Interactions with Naloxone and SSR149415 in Rats Effects on plasma ACTH and CORT levels.
Fourteen-day steady-or escalating-dose 'binge' pattern cocaine administration: As shown in Figure 2a , there was a significant increase in plasma ACTH levels after 14 days of escalating-dose 'binge' cocaine administration (t ¼ 10.7, df ¼ 8, po0.01). There was also a significant increase in plasma CORT levels after 14 days of escalating-dose regimen (t ¼ 12.8, df ¼ 9, po0.005; Figure 2c ).
As shown in Figure 2b , however, plasma ACTH levels after 14 days of chronic steady-dose 'binge' cocaine administration did not significantly differ from the saline control. Plasma CORT levels after 14 days of steady-dose regimen were still significantly elevated (t ¼ 6.8, df ¼ 9, po0.05; Figure 2d ).
One-day withdrawal from 14-day steady-or escalatingdose 'binge' cocaine with or without naloxone: For 1-day withdrawal from chronic EDC, two-way ANOVA showed a significant effect of 1-day withdrawal on plasma ACTH levels (F (1,21) ¼ 5.35, po0.05; Figure 2a ). However, there was no significant effect of either naloxone or 1-day withdrawal Â naloxone interactions. Also, two-way ANOVA showed a significant effect of 1-day withdrawal on plasma CORT levels (F (1,19) ¼ 6.72, po0.05; Figure 2c ). Similarly to ACTH levels, there was no significant effect of either naloxone or 1-day withdrawal Â naloxone interactions. Figure 2 Effects of chronic (14-day) escalating-dose (45 up to 90 mg/kg/day) 'binge' cocaine (EDC) or chronic (14-day) steady-dose (45 mg/kg/day) 'binge' cocaine (SDC), acute (1-day) withdrawal and chronic (10-or 14-day) withdrawal with opioid receptor antagonist naloxone (1 mg/kg) on plasma ACTH levels (a, b) and corticosterone (CORT) levels (c, d). Data shown in graphs are treatment group mean + SEM. Significant differences are indicated: *po0.05, **po0.01 or ***po0.005 vs saline control; + po0.05, two-way ANOVA with a significant main effect for 1-day or 14-day cocaine withdrawal (n ¼ 6-7).
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After 1-day withdrawal from chronic steady-dose 'binge' cocaine, there was a significant increase in plasma ACTH levels (t ¼ 6.61, df ¼ 9, po0.05; Figure 2b ). However, plasma CORT levels after 1-day withdrawal were not significantly different from the control (Figure 2d ).
Fourteen-day withdrawal from 14-day steady-or escalating-dose 'binge' cocaine with or without naloxone: For 14-day withdrawal from chronic EDC (Figure 2a) , twoway ANOVA showed a significant effect of 14-day withdrawal on plasma ACTH levels (F (1,21) ¼ 4.91, po0.05). However, there was no significant effect of either naloxone or 14-day withdrawal Â naloxone interactions. Also, twoway ANOVA showed a significant effect of 14-day withdrawal on plasma CORT levels (F (1,19) ¼ 5.81, po0.05; Figure 2c ). Similarly to ACTH levels, there was no significant effect of either naloxone or 14-day withdrawal Â naloxone interactions.
There was no significant effect on either plasma ACTH levels or CORT levels after 10 days of withdrawal from chronic steady-dose 'binge' cocaine (Figure 2b and d) .
One-day withdrawal from 14-day escalating-dose 'binge' cocaine with SSR149415: Two-way ANOVA showed a significant effect of SSR149415 on plasma ACTH levels (F (1,22) ¼ 6.16, po0.05; Figure 3a) . Although Newman-Keuls post hoc tests just failed to show a significant difference between saline and 1-day withdrawal groups (p ¼ 0.057), planned comparisons revealed that (1) plasma ACTH levels were significantly increased in 1-day withdrawal (df (1,22) ¼ 4.32, po0.05) and (2) pretreatment with SSR149415 significantly blunted plasma ACTH increase after 1-day withdrawal (df (1,22) ¼ 6.16, po0.05).
As shown in Figure 3b , plasma CORT levels showed a similar pattern as seen in plasma ACTH. Two-way ANOVA showed a significant effect of 1-day withdrawal (F (1,25) ¼ 10.6, po0.005). Newman-Keuls post hoc tests showed (1) plasma CORT levels were significantly increased in 1-day withdrawal (po0.05) and (2) pretreatment with SSR149415 blunted plasma CORT increase after 1-day withdrawal, without reaching statistical significance (p ¼ 0.05).
Effects on AVP or CRF mRNA levels in the PVN, or on V1b receptor mRNA levels in the anterior pituitary.
AVP mRNA in the PVN: After 1 day of acute 'binge' cocaine, there was no effect on AVP mRNA levels (data not shown). After 14 days of EDC, a Student's t-test just failed to show a significant difference between saline and 14-day EDC groups (Figure 4a ). For 1-day withdrawal from chronic EDC, two-way ANOVA showed a significant effect of 1-day withdrawal (F (1,20) ¼ 4.89, po0.05) or naloxone (F (1,20) ¼ 5.02, po0.05) on AVP mRNA levels. Newman-Keuls post hoc tests were carried out and showed a significant difference between saline and each of the other three groups (po0.05). For 14-day withdrawal, two-way ANOVA showed a significant effect of 14-day withdrawal (F (1,20) ¼ 8.31, po0.01). Newman-Keuls post hoc tests, however, just failed to show any significant effect for either treatment (p ¼ 0.06).
As shown in Figure 4b , no difference from the controls was found on AVP mRNA levels in the PVN either after 14 days of chronic steady-dose 'binge' cocaine, or its 1-or 10-day withdrawal.
V1b mRNA in the anterior pituitary: There was no effect on V1b mRNA levels after 1 day of acute 'binge' cocaine (data not shown). However, there was a significant increase after 14 days of EDC (t ¼ 22.3, df ¼ 11, po0.001; Figure 4c ). For 1-day withdrawal, two-way ANOVA showed a significant effect of 1-day withdrawal (F (1,18) ¼ 16.5, po0.001) on V1b mRNA levels. Newman-Keuls post hoc tests showed a significant difference between saline and 1-day withdrawal groups (po0.05), or saline and naloxone + 1-day withdrawal groups (po0.05). For 14-day withdrawal, two-way ANOVA showed no significant effect on V1b mRNA levels.
As shown in Figure 4d , no difference from the controls was found on V1b receptor mRNA levels in the anterior pituitary either after 14 days of chronic steady-dose 'binge' cocaine, or its 1-or 10-day withdrawal.
CRF mRNA in the PVN: As shown in Supplementary  Table S1 , no difference in CRF mRNA levels in the PVN was detected between saline controls and after 1-or 14-day withdrawal from chronic escalating-dose 'binge' cocaine.
Effects on POMC mRNA levels in the anterior pituitary or NIL/PL. As shown in Figure 5a , there was a significant increase in POMC mRNA levels after 14 days of EDC (t ¼ 9.45, df ¼ 11, po0.05). For 1-day withdrawal, two-way ANOVA showed a significant effect of 1-day withdrawal (F (1,21) Vasopressin and V1b in cocaine withdrawal Y Zhou et al interactions (F (1,21) ¼ 7.39, po0.05) on POMC mRNA levels. Newman-Keuls post hoc tests showed a significant difference between saline and 1-day withdrawal groups (po0.01), or between 1-day withdrawal and naloxone + 1-day withdrawal groups (po0.05). For 14-day withdrawal, there was no significant effect on POMC mRNA levels in the anterior pituitary after either treatment.
As shown in Figure 5b , no difference from the controls was found on POMC mRNA levels in the anterior pituitary after 14 days of chronic steady-dose 'binge' cocaine, or its 1-or 10-day withdrawal.
In the NIL/PL, there was no significant effect on POMC mRNA levels after 14 days of either EDC or SDC, or withdrawal with or without naloxone treatment (Figure 5c and d). (Figure 6a ), but many parvocellular neurons were also observed. AVP-EGFP-expressing cells were also distributed in the MPOA (Figure 6b) , and the SON (data not shown), with no reliable fluorescence signals in the bed nucleus of the stria terminalis or medial amygdala.
Single-cell RT-PCR to verify co-expression of AVP mRNA with EGFP in the PVN. Results from single-cell RT-PCR showed a highly significant difference between EGFP( + ) and EGFP(À) neurons when analyzing group differences in delta C t values (Table 1) . Equivalent significant changes were also found in AVP/18S ratios (t ¼ 4.40, df ¼ 14, po0.001) (data not shown). These findings verify selective co-expression of AVP mRNA with EGFP in the PVN. As expected, no-RT and water controls showed no amplification (n ¼ 2 each, per group) and the expression of 18S was high and did not differ between EGFP( + ) and EGFP(À) cells.
One-day withdrawal from 14-day escalating-dose 'binge' cocaine. In the AVP-EGFP( + ) mice treated with saline, AVP-EGFP expression was observed in the PVN under fluorescence microscopy. AVP-EGFP-expressing cells were mainly localized in the magnocellular division of the PVN, with a few parvocellular neurons (Figure 7 ). After acute (1-day) withdrawal from chronic EDC, the AVP-EGFP( + ) mice showed a significant increase in total number of AVP-EGFP-expressing cells in the PVN (t ¼ 14.0, df ¼ 10, po0.01; Figure 7 ; Table 2 ). The increase was primarily in the parvocellular division of the PVN, with no change in the magnocellular division (Figure 7 ). In the AVP-EGFP(À) mice, AVP mRNA levels in the PVN of saline control and acute cocaine withdrawal were 6.5 ± 1.1 and 12.5 ± 1.7 pg/mg total RNA, respectively, and acute cocaine withdrawal caused a significant increase (t ¼ 8.41, df ¼ 11, po0.05). After acute cocaine withdrawal, the number of AVP-EGFP-expressing cells was also increased in the MPOA (t ¼ 12.1, df ¼ 6, po0.05; Table 2 ), but not in the SON (data not shown).
To examine the HPA functionality to stress, we compared the AVP-EGFP( + ) and AVP-EGFP(À) mice after acute (1-day) cocaine withdrawal from chronic (14-day) EDC. Two-way ANOVA showed a significant effect of 1-day withdrawal on plasma CORT levels (F (1,22) ¼ 18.4, po0.001). Newman-Keuls post hoc tests were carried out and revealed a significant difference between saline and 1-day withdrawal in each genotype (po0.05; Figure 8 ). Our result clearly showed that there were similar increases in plasma CORT levels after 1-day acute withdrawal in AVP-EGFP( + ) and AVP-EGFP(À) mice, indicating normal HPA stress responsivity in the AVP-EGFP( + ) mice.
DISCUSSION

HPA Hormones
In the present study, we found that 14 days of chronic EDC administration significantly elevated plasma ACTH and CORT levels, when rat blood was sampled at the nadir time point of the day. In contrast to the lack of ACTH elevation after 14-day SDC administration, there was a 7-fold ACTH increase on day 14 with the escalating-dose regimen, indicating dramatic HPA axis stimulation by escalated high-dose cocaine. In the EDC-treated rats, plasma ACTH 
Brain region
Saline control 1-day withdrawal PVN 52 ± 3 6 7 ± 7** MPOA 4 ± 1 9 ± 2* AVP-EGFP expression in the PVN and MPOA was quantified by measuring the number of EGFP-expressing cells. Student's two-tailed t-tests showed a significant difference between 1-day withdrawal and saline control groups. *po0.05, **po0.01; n ¼ 6-7. and CORT levels remained significantly increased after acute (1-day) withdrawal, an effect that persisted into protracted (14-day) withdrawal. In the animal literature, the effects of acute cocaine withdrawal on the HPA axis are consistent even when using different administration paradigms. For example, chronic cocaine exposure (15-45 mg/ kg/day) for 2 weeks has been reported to increase basal plasma CORT levels after 1 day of withdrawal (Borowsky and Kuhn, 1991; Levy et al, 1992; Sarnyai et al, 1998; Peltier et al, 2001; Zorrilla et al, 2001; Zhou et al, 2003; Picetti et al, 2010) . Therefore, our present finding is consistent with and extends reports from other laboratories, demonstrating persistent HPA axis activation, with much longer duration after the cessation of chronic EDC. In addition, our result here is in agreement with several clinical reports showing higher basal plasma ACTH and cortisol levels in cocaine addicts after several weeks' cessation of cocaine selfadministration (Elman et al, 1999; Buydens-Branchey et al, 2002; Contoreggi et al, 2003; Wilkins et al, 2005; Fox et al, 2009 ).
AVP Gene Expression in the pPVN
A single injection of cocaine increases CRF (but not AVP) mRNA levels in the rat PVN (Rivier and Lee, 1994; Zhou et al, 1996) , indicating an involvement of hypothalamic CRF in modulating the stimulatory effects of acute cocaine on the HPA axis. In contrast to acute cocaine, our previous study showed that acute withdrawal did not cause any increase in CRF mRNA levels in the hypothalamus (Zhou et al, 2003) . The present study was designed to examine another important hypothalamic secretagogue, AVP, after cocaine withdrawal. In fact, we identified that withdrawal from different doses of cocaine corresponded to significant differences in PVN AVP mRNA levels. After acute (1-day) withdrawal, there was a significant increase in AVP mRNA levels (by 78%) in the PVN of the EDC-treated rats, which was not seen in the SDC-treated animals. This increase seems long lasting: AVP mRNA levels were still found to be 46% higher after 14 days of protracted withdrawal. It has been demonstrated that AVP in the PVN is involved in mediation of long-lasting changes in sensitivity and responsivity of the HPA axis to subsequent stimuli (Kovacs and Sawchenko, 1996; Aguilera and Rabadan-Diehl, 2000) . The alterations in AVP mRNA levels reported here could be the result of enhanced AVP promoter activity, leading to an increased AVP gene transcriptional rate (see data in AVP-EGFP promoter transgenic mice). This increase in AVP gene expression could further lead to an increase in AVP biosynthesis and/or release from the median eminence as well as, in turn, in the production of ACTH from the anterior pituitary by cocaine withdrawal. Indeed, we observed that, although both the EDC and SDC rats showed increased HPA activity after 1-day acute withdrawal, the EDC rats displayed significantly longer HPA stimulation in response to cocaine withdrawal than the SDC animals. This strong temporal correlation between PVN AVP gene expression and HPA activity suggests a potential role for AVP in modulating the HPA axis during cocaine withdrawal. It is possible that the large quantities of this psychostimulant led to a dysregulation of stress pathways that enhanced hypothalamic stress responsive gene expressions, including AVP. Thereby, the enhanced AVP activity contributes to the persistent increases in the HPA activity observed during protracted withdrawal. In accordance with this notion, pretreatment with the selective V1b antagonist SSR149415 attenuated HPA activity during acute cocaine withdrawal. This result also suggests that the HPA activation was partially mediated through V1b receptors, which are expressed in the corticotropic ACTH-positive cells (Hernando et al, 2001) , and modulate HPA axis activity in response to a variety of stressors (Roper et al, 2011) (see more discussion below).
To further investigate the changes of AVP expression in the magnocellular and parvocellular divisions of the PVN, we utilized the AVP-EGFP promoter transgenic mice to visualize the AVP neurons in these two sub-populations in response to acute cocaine withdrawal. After qualitative assessment (cell counting) of AVP-EGFP-expressing neurons in the PVN, we found an increase in the number of AVP-EGFP neurons in the parvocellular division (but not in the magnocellular division) after acute (1-day) withdrawal from chronic EDC in AVP-EGFP( + ) mice. This elevated promoter activity in the AVP-EGFP neurons associated with increased AVP mRNA levels suggests an enhanced AVP gene transcription. This parvocellular AVP-EGFP increase was also paralleled in increased plasma CORT levels by acute withdrawal. Our results are in accordance with many previous reports in rodents demonstrating an activation of AVP gene expression in the pPVN in modulation of the HPA axis after chronic stress (Herman, 1995; Kovacs and Sawchenko, 1996; Viau et al, 1999; Aguilera and RabadanDiehl, 2000) . Together, our results suggest an involvement of the pPVN AVP neurons in the modulation of the HPA axis response to acute cocaine withdrawal stress. Here, we were only able to measure the number of AVP-EGFPexpressing neurons. We were not, however, able to assess the strength of EGFP fluorescence in order to quantify the visual density of AVP-EGFP fluorescence in individual neurons; thus, we could not measure the changes of AVP-EGFP density in individual cells.
V1b Receptor in the Anterior Pituitary
It has been suggested that chronic exposure to cocaine, like many stressors, may modulate HPA responsivity at the corticotrope level (eg, Aguilera and Rabadan-Diehl, 2000) . V1b receptor expression in the anterior pituitary is preferentially associated with ACTH-positive cells (Hernando et al, 2001) , and is stimulated (but not inhibited) by glucocorticoids (Aguilera and Rabadan-Diehl, 2000) . Thus, alterations of V1b receptor and POMC in the anterior pituitary following chronic cocaine and its withdrawal are particularly interesting. In fact, a significant increase of both the V1b receptor and POMC mRNA levels was found after chronic EDC administration, but not after a steadydose regimen. In parallel, plasma ACTH and CORT levels rose dramatically in response to cocaine, suggesting that EDC may modulate corticotrope responsivity to pPVN AVP input through the induction of V1b and POMC gene expression. Our study further showed that the increase of both V1b and POMC gene expression persisted 1 day into acute withdrawal, and the activation of the HPA axis during withdrawal was prolonged in the EDC rats rather than in the SDC animals. Regardless of the exact mechanisms responsible for the interactions between cocaine and the V1b receptor, our results suggest that the HPA activation by chronic cocaine and its withdrawal may be related to the increased V1b receptor expression in the anterior pituitary.
Interaction between pPVN AVP and Opioid Receptors
After a single injection of an opioid receptor antagonist naloxone (1 mg/kg), there was an increase in rat PVN AVP mRNA levels after 1 day (but not after 2 days). Our results clearly show that the blockade of opioid receptors increased AVP gene expression in the PVN, indicating an inhibition of AVP activity by endogenous opioids, as suggested by a recent study on naloxone-induced AVP gene expression in the parvocellular (but not in magnocellular) neurons during morphine withdrawal (Nunez et al, 2007) . There was an elevation of plasma ACTH levels after 3 h of naloxone (1 mg/kg) as previously reported (Zhou et al, 2005) . After 1-2 days of naloxone injection, however, there was no elevation of plasma ACTH levels observed in the present study, suggesting that ACTH elevation could return to basal levels, due to the short-acting property of naloxone. Of particular interest, AVP gene expression that increased by protracted cocaine withdrawal was insensitive to opioid receptor blockade, since we observed no effect of naloxone on AVP mRNA levels during cocaine withdrawal, which suggests less inhibition of AVP neurons by endogenous opioids in cocaine-withdrawn rats. Studies in human cocaine addicts found a decreased opioid activity (m opioid receptor-preferring component) in the control of the HPA axis (Schluger et al, 2001; Koob and Kreek, 2007) , supporting this relative endogenous opioid-deficiency hypothesis. Although the naloxone dose in the present study was relatively low and preferential for the m opioid receptor, we cannot at this point exclude the involvement of other opioid receptors, such as k opioid receptors.
AVP in the MPOA
AVP neurons are localized in the MPOA (Rhodes et al, 1981) , a region that is directly responsive to cocaine: sitespecific infusion of cocaine into the MPOA has been shown to impair maternal behavior in rats (Vernotica et al, 1999) . Since intra-MPOA injection of AVP induces grooming behavior in mice (Lumley et al, 2001 ), our present finding suggests that the AVP-EGFP-expressing neurons in the MPOA are involved in cocaine withdrawal-related behaviors.
Summary
Our results indicate that chronic EDC and its withdrawal can dynamically modulate HPA axis activity in both rats and mice. Since the biochemical measures using rats demonstrated strong temporal associations between PVN AVP gene expression, pituitary V1b receptor gene expression, and HPA activity during its protracted withdrawal from chronic EDC, our study clearly suggests a potential novel role for AVP and its V1b receptor in modulating the stress responsive HPA axis after chronic cocaine administration. Our pharmacologic data with the selective V1b receptor antagonist provide further evidence that there is an involvement of the AVP/V1b receptor system in acute cocaine withdrawal. Using AVP-EGFP promoter transgenic mice, we identified that acute cocaine withdrawal specifically activated the parvocellular AVP-EGFP neurons in the PVN (Figure 9) .
A growing body of evidence suggests that increased vasopressinergic neuronal activity in the hypothalamus, amygdala and other brain regions represents an important step in the neurobiology of stress-related and drug withdrawal-induced behaviors in rodent models, including 'anxiety' and 'depression'-like behavior (Wigger et al, 2004; Zhou et al, 2005; Murgatroyd et al, 2009; Rodríguez-Borrero et al, 2010) . In humans, cessation of prolonged cocaine consumption is usually accompanied by an aversive withdrawal syndrome characterized by mild depressive symptoms combined with anxiety, irritability, and anhedonia that may last up to several weeks (American Psychiatric Association, Diagnostic and Statistical Manual of Mental Disorders, vol. 4, 1994) . Moreover, this aversive affective state observed in both humans and animals provides a powerful source of negative reinforcement (Koob, 2008) . Since rats and mice display increased AVP expression upon cocaine withdrawal, one interesting hypothesis that stems from our present study is that AVP may have a role in cocaine-seeking behaviors. An interesting question is whether AVP modulates cocaine self-administration behavior through a V1b receptor-mediated mechanism, as found in animal models of heroin seeking and alcohol Basal state Figure 9 Schematic representation of the alterations of HPA axis after chronic escalating-dose cocaine exposure in rodents. After acute cocaine, previous work has demonstrated that CRF (but not AVP) contributes to acute stimulatory effects of cocaine on HPA activity (left side). After chronic cocaine, however, there are increases in AVP promoter activity and gene expression in the parvocellular division of the paraventricular nucleus (pPVN) following acute withdrawal (right side). This is also paralleled with the increases in V1b gene expression in the anterior pituitary, and the elevations of plasma ACTH and corticosterone levels. The increase in pPVN AVP gene expression persists into protracted (14-day) cocaine withdrawal.
Vasopressin and V1b in cocaine withdrawal Y Zhou et al dependence (Zhou et al, 2008b; Edwards et al, 2011 ). An ongoing study has been undertaken in our laboratory to investigate the effects of pharmacological blockade of V1b receptor on stress-induced reinstatement of cocaine selfadministration. Therefore, it may be worthwhile to explore the value of AVP receptor antagonists in the management of cocaine abuse. Our studies indicate that AVP and its receptor system may be an attractive therapeutic target for treating anxiety and depressive symptoms associated with cocaine addiction.
